Introduction
Microfluidics is one of the key microfabrication techniques to manipulate micro-, nano-, and pico-litre volumes of fluids inside micrometre-sized channels. Microfluidic technology has been widely and increasingly used for diagnostics, detection, screening, flow chemistry and materials synthesis in biotechnology and the chemical, food, pharmaceutical, and cosmetic industries [1] [2] [3] [4] .
Glass capillary microfluidic devices composed of coaxial assemblies of glass capillaries have received a lot of attention since their invention in Weitz Lab at Harvard [4, 5] , due to their ability to generate multiple emulsion droplets with core-shell morphology in single step by combining co-flow with counter current flow focusing. They can produce droplets with multiple concentric shells and can be used to encapsulate two or more different types of inner drops within the same outer drop by inserting several injection capillaries into the same outer capillary [6] [7] [8] or by using dual-, triple-, and quadruple-bore injection capillaries [9] [10] [11] . Glass capillary devices can also generate multiple emulsions stepwise [12] [13] [14] [15] and form droplets with a submicron shell thickness by creating biphasic flow in the injection capillary [16] .
Alternative methods for fabrication of microfluidic devices are etching, hot embossing, laser ablation, injection moulding, and soft lithography [17] . Soft lithography is a well-established method for rapid prototyping of microfluidic devices in polydimethylsiloxane (PDMS). However, PDMS is a hydrophobic polymer and inconvenient for preparing oil-in-water (O/W) emulsions [18] . In addition, organic solvents can cause PDMS swelling, extraction of unpolymerized monomers from PDMS matrix, permeation of hydrophobic solutes into the polymer matrix and chemical decomposition of PDMS [18, 19] . Swelling can significantly alter dimensions of PDMS channels and even cause channel closure [20] . Extraction of noncrosslinked species can introduce contaminants into fluid streams and partitioning of solutes between fluids and cured PDMS can alter reagent concentrations. Unlike PDMS, glass is resistant to all reagents except hydrofluoric acid, hot concentrated phosphoric acid, and concentrated sodium hydroxide solutions, almost nondeformable with a Young's modulus of 64 kN/mm 2 , highly transparent with a transmittance of visible light near unity, and can easily be chemically modified due to high reactivity of silanol groups.
PDMS and etched glass chips are difficult to clean because the etched substrate is permanently bonded to the cover glass. In traditional glass capillary devices [4] , capillary tubes and needles for fluid delivery are sealed to the support glass slide using epoxy glue (Fig. 1a) and cannot be easily separated for cleaning. Moreover, fabrication of these devices is time consuming and laborious, since capillaries must be manually aligned.
To mitigate these limitations, several new designs of glass capillary devices have been developed. Li et al. [21] fabricated a disposable co-flow glass capillary device by embedding glass capillaries into a rectangular gap formed between two parallel glass slides. Ge et al. [22] embedded a double-bore injection capillary into a PMMA cross junction to form Janus droplets. Another glass capillary was inserted in the same junction from the opposite side to collect the produced droplets. Both devices required a lot of manual work for fabrication. Benson et al. [23] used two commercial PEEK TM chromatography tees to align two round glass capillaries inside a square glass capillary. The device was easy to dismantle and assemble and allowed adjustment of the distance between inner round capillaries during operation by pulling or pushing the capillaries inside the outer capillary. The device was able to generate monodisperse O/W or water-in-oil (W/O) emulsions with a droplet size down to 20 lm.
Chang et al. [24] inserted two coaxial capillaries inside two Tjunction connectors and used the device to make core-shell monomer droplets via two sequential co-flow drop generation steps.
Martino et al. [25] fabricated a glass capillary device by 3D printing acrylonitrile butadiene styrene. The device consisted of a rectangular platform with a square observation hole in the middle and two sliding connectors holding coaxial assembly of round and square capillaries. The distance between inner capillaries could be adjusted during drop generation by moving the connectors along two rails made at both sides of the platform. After 3D printing, the support material must be removed by sonicating the parts with isopropanol. Herranz-Blanco et al. [26] fabricated a glass capillary device with a round-capillary-inside-round-capillary geometry using Shapeways 3D printed steel. The device was used to prepare polymeric nanoparticles by nanoprecipitation and core/shell droplets. Shapeways 3D printed steel is corrosive and nonbiocompatible, since it contains 40% bronze, and the printing resolution of 3 mm is relatively poor [27] . Both devices mentioned above are fed with the fluids using hypodermic needles.
Micromilling has advantages over 3D printing in terms of the broader choice of materials that can be used for fabrication, precision, speed, and cleanliness of the finished product [28] . The main disadvantage of all subtractive manufacturing methods including micromilling is the generation of waste during fabrication compared to 3D printing which uses the exact amount of material to make the desired part [29] . Both processes employ computer numerical control (CNC) machining that automates the process and enables direct conversion of CAD models to finished parts, thereby improving repeatability and precision.
In this work, novel, cheap, easy to dismantle and assemble, and reusable glass capillary devices have been fabricated using micromilling (Fig. 1d) . Glass capillaries are held between two interchangeable bespoke plastic blocks that can be easily joined together and separated using Lego Ò -inspired stud-and-tube coupling system (Fig. S1 ). Three different blocks were combined in different manners to obtain three different flow configurations. The design allows a round-capillary-inside-round-capillary geometry (Fig. 1e ) in contrast with round-capillary-inside-square-capillary geometry used in the conventional device (Fig. 1b) . Selfalignment of the capillaries was achieved by precise drilling of the mounting holes in both blocks. Adjustment of the distance between inner capillaries while the device is running is another key feature of this design, besides the use of commercial tube connectors instead of hypodermic needles. By careful design and new improvements, the setup time of the novel devices was reduced from $30 min in manually made capillary devices to just several minutes. In addition, the device is fully accessible from the top and bottom sides, because all fluids are supplied and collected in the longitudinal direction. Due to their flat shape, the building blocks are stackable and can be extended in transverse direction by adding additional units. The effectiveness, versatility, and long-term production stability of the new devices was successfully confirmed by robust synthesis of various microparticles and nanoparticles. were used for fluorescent labelling. The carrier oil in W/O emulsions was Miglyol Ò 840 (Sasol, Germany), a propane-1,2-diol diester of caprylic acid (65-80%), capric acid (20-35%), caproic acid (<2%), lauric acid (<2%), and myristic acid (<1%). In some experiments, Eudragit S100 (Evonik, Germany), a pH sensitive copolymer of methacrylic acid and methyl methacrylate (1:2) was dissolved in the aqueous phase and 4-aminobenzoic acid (99%, Acros Organics, UK) was dissolved in Miglyol as a crosslinker.
Preparation of microcrystals
Piroxicam (PRX) (99% purity, anhydrous) was obtained from Hangzhou Hyper Chemicals Limited (Zhejiang, China) was used as a model active, acetone (purity !99.98%) supplied from Fisher Scientific (UK) was used as a solvent for PRX and a symmetric triblock copolymer Pluronic Ò F-127 (bio reagent containing 100 ppm BHT as inhibitor, M n $ 5800) supplied from Sigma-Aldrich (UK) was used as a stabiliser. Crystals of PRX monohydrate were formed by mixing together 15 g/l of PRX solution in acetone and 2.5 g/l aqueous solution of Pluronic Ò F-127.
Experimental equipment 2.2.1. Capillaries
Borosilicate round capillary tubes supplied from World Precision Instruments (UK) with 2.0/1.56 mm and 1.0/0.58 mm OD/ID were used as inner and outer capillaries, respectively. Inner capillaries were pulled using a P-97 micropipette puller (Sutter Instrument Company, USA) and pulled tips were adjusted to the desired orifice size by grazing against abrasive paper. The orifice size was measured using a Narishige MF-830 microforge (Linton Instrumentation, UK). The capillaries were treated with octadecyltrimethoxysilane and 2-[methoxy(polyethyleneoxy)propyl] trimethoxysilane to render the surface hydrophobic and hydrophilic, respectively.
Lego Ò blocks
Three different blocks were designed using SolidWorks software (Dassault Systèmes), a solid modelling computer-aided design (CAD) and computer-aided engineering (CAE) computer program and manufactured using a fully automated CNC milling machine (HAAS Automation, model Super Mini, Norwich, UK). The material used for fabrication was polyacetal (polyoxymethylene) copolymer with a density of 1.41 g/cm 3 . The drawings of the blocks are shown in Figs. S2-S4 in the supplementary information.
Experimental set-up
Fluids were delivered using 11 Elite syringe pumps (Harvard Apparatus, UK) from SGE gas-tight glass syringes (10 ml, 25 ml, and 50 ml, Sigma-Aldrich, UK) via fine-bore Portex polyethylene medical tubing (1.52 mm OD/0.86 mm ID, Smiths Medicals, UK), and Omnifit Ò or Super Flangeless TM tube connectors. The device was mounted on the stage of an inverted biological microscope (GXM-XDS-3, GT Vision, UK), as shown in Fig. S5 . The microfluidic process was observed and recorded using a Phantom V9.0 high speed camera at a resolution of 576 Â 576 pixels. ImageJ program was used to process the video recordings and determine the droplet diameters.
Materials characterisation
The size, D v and polydispersity index, PDI of vesicles and AgNPs were measured by photon correlation spectroscopy using a Delsa TM Nano HC particle analyser (Beckman Coulter, UK). The absorption spectra of AuNPs were recorded using a Perkin Elmer Lambda 35 UV/VIS spectrometer. The mean size of PRX monohydrate crystals was measured using a Beckman Coulter LS130 laser diffraction particle size analyser. The optical images of the crystals were obtained using a Leitz Ergolux optical microscope and SEM images were acquired using a Hitachi model TM3030 benchtop SEM. Fig. 2 shows three different devices assembled from the building blocks shown in Figs. S2-S4. Depending on the miscibility of liquid streams, the device can be operated as a micromixer or droplet generator. A three-phase device mounted on the microscope is shown in Fig. S5 . In the next section, we will demonstrate the controllable production of nano-and microparticles and microcrystals in the new devices using different flow configurations.
Flow patterns in the device

Results and discussion
3.1. Two-phase co-flow 3.1.
Preparation of liposomes
In these experiments, a solution composed of 20 mg/ml Lipoid Ò E80 and 5 mg/ml cholesterol dissolved in ethanol was injected through the inner capillary and Milli-Q water was introduced through the annular space between the inner and outer capillary. After injection, ethanol and lipid molecules diffuse into water in the annular region, while water molecules diffuse in the opposite direction. When the solubility limit of the lipids is exceeded, they self-assemble into disk-like bilayer structures, which bend as they grow, and eventually tend to form a spherical vesicle [30] . Under mild shear forces and/or at high concentration, vesicles tend to aggregate into clusters (Fig. 3a) . This vesicle aggregation is reversible, but bilayer defects may induce irreversible fusion of bilayers in clusters. At low flow rates (Fig. 3a) , two liquid streams flow side by side with a sharp boundary, heavy vesicle aggregation in the aqueous phase and a high ethanol concentration in the core region. The mixing time of lipids dissolved in the organic stream is: Fig. 3(a) , 350 and 760L=D i vPev; thus t res > t mix , i.e. a complete mixing was not achieved in the device. In Fig. 3(b) , due to high Q w =Q o ratio, high concentration gradients were established at the interface, which led to the build-up of transient interfacial tension between ethanol and water stream [32] . As a result, the interface around the injection nozzle acquired a hemispherical shape typical for immiscible liquids in dripping regime. The fusion of bilayers due to heavy vesicle aggregation led to large vesicle sizes of 550-680 nm, as shown in Fig. 3(a) .
When fluid flow rates were high ( Fig. 3c and d) , the interface was extended into a widening jet and a vortex flow was formed around the jet interface. When lipid bilayer fragments (LBFs) bend from a flat disc into a closed sphere, the energy of a LBF first increases due to bending contribution and then decreases as the edges of the bent disc meet and disappear [33] . Energy dissipation of the vortex ring can help to achieve bending of the flat bilayer discs at smaller diameters resulting in smaller vesicles with lower PDI [34] . Also, higher flow rates led to better mixing of the two streams leading to larger number of LBFs being formed, which limited their growth. As shown in Fig. 3c and d , an increase in the total flow rate from 37 ml/h to 45 ml/h led to decrease in the vesicle size from 262 to 222 nm. Therefore, the vesicle size was controlled by manipulating hydrodynamic conditions in the device.
Synthesis of AuNPs
Synthesis of AuNPs was achieved by injecting 1 mM HAuCl 4 solution containing 1% (w/v) PVP K30 through the injection tube with 100 lm orifice into 20 mM aqueous solution of ascorbic acid at pH = 10.4. The flow rate of ascorbic acid stream was varied from 15 ml/h to 60 ml/h, while the flow rate of HAuCl 4 solution was 15 ml/h. As shown in Fig. 4 , the size of AuNPs was controlled in the range from 40 nm to 74 nm by adjusting the flow rate of ascorbic acid stream. A decrease in size of the synthesised AuNPs was achieved by increasing the flow rate of ascorbic acid stream, as can be confirmed by the blue-shift in peak absorbance wavelength, k max [35, 36] . A decrease in particle size at higher flow rates of ascorbic acid stream was due to better mixing of the two streams and lower concentration of AgNPs in the product suspension leading to reduced particle agglomeration [35] . were generated using counter-current flow focusing geometry. The interfacial tension between the aqueous and oil phase was 29.9 mN/m. As shown in Fig. 5 , the droplet size increased when the flow rate ratio Q c =Q d decreased from 4.7 to 2.3, but in both cases highly uniform droplets were achieved. Smaller droplets were formed at higher Q c =Q d ratio due to higher drag force exerted on the interface by the oil phase [37] . Therefore, the new device was able to generate highly uniform aqueous phase droplets.
To investigate a long-term stability of droplet generation in the flow focusing device, W/O emulsion composed of aqueous Eudragit droplets was formed over 6 h and converted into gel particles. The oil phase was 0.75% (w/v) 4-aminobenzoic acid dissolved in Miglyol 840 and the aqueous phase was 3% (w/v) Eudragit S100 at pH > 7. The device was proven to be stable and leakproof over the entire period of 6 h and enabled consistent generation of monodisperse droplets, as shown in Fig. S6 and Movie 1. After droplet generation, 4-aminobenzoic acid diffused into the droplets due to its high solubility in water of 4.7 g/l at 20°C and caused the neutralisation of charged carboxylic groups on Eudragit chain, which triggered an internal sol-gel transition of Eudragit S100. 4-Aminobenzoic acid is a relatively weak acid (pKa = 2.38) which triggered droplet gelation after jet pinch-off; as a result small gel beads were formed. However, much stronger p-toluenesulfonic acid (pKa = À2.8) caused premature gelation of droplets before jet pinch-off, which resulted in large plugs of Eudragit gel [38] .
Preparation of drug microcrystals
Microcrystals of PRX monohydrate of controlled size were formed in a flow focusing device by antisolvent crystallisation. A 15 g/l solution of PRX in acetone was delivered at 2 ml/h through the outer capillary at the left-hand side of the device and 2.5 g/l aqueous solution of Pluronic F-127 was supplied through the outer capillary from the opposite side (Fig. 6) . The crystals were formed inside the collection capillary due to the supersaturation generated by molecular exchange between the solvent and antisolvent streams. As can be seen, the size of the crystals was controlled by the antisolvent flow rate, which influenced the rate of crystal nucleation. By increasing the antisolvent flow rate from 10 to 20 ml/h, then to 30 ml/h, the size of the crystals was reduced from 29 to 12 lm, then to 10 lm, respectively. By increasing the antisolvent to solvent mass ratio from 5:1 to 15:1, the rate of nucleation increased compared to the rate of crystal growth leading to the formation of large numbers of smaller crystals. Compared to the conventional batch anti-solvent crystallisation methods, microfluidic routes provide superior control of particle size distribution and reduce the batch-to-batch variations by continuous crystallisation approach. The interfacial tension at the inner and outer interface was 29.9 and 31.8 mN/m, respectively. The ability to self-align capillaries was also investigated as well as the ability to change the distance between inner capillaries while droplets were produced. . W/O/W emulsions generated in a three-phase device with Di = 50 lm and Dc = 300 lm at: (a) Q ip = 4 ml/h, Q mp = 6 ml/h, Q op = 25 ml/h, quadruple core encapsulation; (b) Q ip = 2.5 ml/h, Q mp = 6 ml/h, Q op = 25 ml/h, double core encapsulation; (c) Q ip = 2 ml/h, Q mp = 6 ml/h, Q op = 25 ml/h, single core encapsulation; (d) Q ip = 2 ml/h, Q mp = 3 ml/h, Q op = 20 ml/h, single core in a thin shell. (e), (f), (g), and (h) are the micrographs of generated droplets. Eccentric position of some cores was due to density mismatch between the core and shell fluids. Fig. 7 shows that the new device self-aligns the capillaries precisely along the main axis and generate stable flows to make double emulsion droplets with single and multiple cores. The number of aqueous cores in each oil drop was changed from 4 to 2 to 1 by decreasing the inner phase flow rate from 4 to 2.5 to 2 ml/h at constant flow rates of the middle and outer fluids, as found earlier in the standard device [39] . It was possible to manipulate the shell thickness and the core size by changing the inner phase to middle phase flow rate ratio, Q ip =Q mp . It was also possible to encapsulate calcein (highly hydrophilic dye) in the core fluid and Nile red (highly hydrophobic dye) in the shell fluid and to achieve 100% encapsulation efficiency of both dyes (Fig. 8) . The encapsulation efficiency of the fluorescent dyes was determined by measuring the fluorescent intensities of dyes in the oil phase and aqueous phase. Therefore, the new device can be used to simultaneously encapsulate hydrophilic and hydrophobic actives with high efficiency.
The new device has the ability to move the injection capillary backward and forward inside the square capillary and thus to change the distance DL between the two inner capillary tubes while the experiment is running, as shown in Fig. 9 and Movie 2. DL has a negative value in Fig. 9 when the end of the injection tube is placed upstream of the inlet section of the collection tube. The minimum drop size was achieved when DL=D c ¼ 0, i.e. when the outlet section of the injection tube coincided with the inlet section of the collection tube. The size of core/shell droplets was successfully manipulated at constant fluid flow rates by gradually changing DL from À0:8D c to zero. Shear force exerted on the outer interface depends on the position of the injection tube. The shear force has the maximum value at the inlet section of the collection tube due to smallest cross-sectional area and the highest velocity of the outer fluid. Furthermore, by pushing the injection tube inside the collection tube to achieve DL > 0, it was possible to produce double core droplets and to adjust their size. The greater the DL value, the larger the size of the generated inner and outer drops, due to increasingly smaller shear [40] .
Preparation of silver nanoparticles (AgNPs)
Three-phase device can be used for mixing two miscible streams within droplets (Fig. 2ci ), which will be demonstrated by the green synthesis of AgNPs within aqueous droplets formed in an inert and environmentally friendly oil. The process involves merging together 3.125 mM solution of silver nitrate delivered through the injection tube and 10 mM aqueous 1:1 tannic acid and sodium citrate solution at pH % 10 delivered co-currently through the outer capillary. The formed mixture was flow focused by Miglyol 840 delivered from the opposite side of the outer Fig. 8 . W/O/W emulsion droplets with calcein and Nile red encapsulated in the core and shell fluid respectively: (a) core-shell droplets with the core diameter of 258 ± 4 lm and the shell diameter of 391 ± 7 lm; (b) double-core multiple emulsion droplets with the core diameter of 240 ± 8 lm and the shell diameter of 503 ± 9 lm; (c) triple-core multiple emulsion droplets with the core diameter of 251 ± 3 lm and the shell diameter of 550 ± 8 lm. Fig. 9 . The effect of the distance DL between the injection and collection capillary orifice on the morphology of W/O/W emulsion droplets formed at Q ip = 2 ml/h, Q mp = 6 ml/h, Q op = 25 ml/h, Di = 50 lm, and Dc = 300 lm.
capillary, which resulted in the generation of droplets that underwent chemical reaction in the collection tube. At alkaline pH, tannic acid hydrolyses into glucose and gallic acid and gallic acid induces reduction of Ag + ions and formation of AgNPs at room temperature [41] . Sodium citrate provides the ionic stabilisation to the AgNPs produced. The size of the synthesized AgNPs was precisely controlled by the size of the reaction droplets, as shown in Fig. 10 . Smaller NPs were formed using higher oil flow rates, due to higher internal fluid circulation and more vigorous mixing within droplets. The advantage of 3-phase device over 2-phase device with two parallel reactant streams is that the reaction mixture is isolated from the walls of the collection tube, which prevents deposition of the NPs onto the walls.
Conclusions
Novel, reconfigurable, reusable, cost-effective, and user-friendly glass capillary devices composed of Lego Ò inspired building blocks have been fabricated using CNC milling and successfully used for production of nanoparticles and droplets of controllable size in co-flow, counter-current flow focusing and three-phase flow configurations. The new devices were proved to be reliable, leak free, easy to dismantle and reassemble, as well as robust for multiple and extended usage compared to traditional disposable glass capillary devices [4] . Various applications were tested to demonstrate the versatility and robustness of the device. The distance between the inner capillaries can be manipulated during operation, which have a profound effect on fluid micromixing and jet break-up processes. The device could potentially be improved by incorporating a mechanism that would enable a precise movement of the injection tube. Mixing in two-dimensional viscous flow within a microchannel is inherently inefficient. One of the flow patterns of the new device that overcome this obstacle and prevent deposition of the generated nanomaterials on the channel walls was co-flow combined with counter-current flow focusing, resulting in vigorous shear-induced mixing of reactant streams within droplets and formation of nanoparticles.
Scaling up microfluidic devices to meet the industrial scale production demands is one of the pressing needs of the microfluidic research community [42] . Romanowsky et al. [43] developed and tested parallelized PDMS microfluidic devices consisted of 8 or more double drop makers. The scalability was also proven in continuous pharmaceutical manufacturing where several parallel microfluidic devices were successfully operated and tightly controlled alongside more conventional processes such as millifluidic tubular reactors and continuous filtration processes [2, 44, 45] . Capillary devices with parallelized coaxial capillary assemblies are yet to be designed and tested.
To meet the demand of scaling up microfluidics, one option to parallelize the Lego Ò inspired glass capillary devices is to place several different blocks horizontally or vertically and provide common tube connectors for all of them. In addition, the new design opens up opportunities to attach additional blocks, which can be locked using the same mechanism, upstream or downstream of the drop generation block. These additional blocks can also be used to embed a portable UV light source, a fluorescence detection system, Peltier heating and cooling elements, interdigital transducers, micro-analytical tools and other detectors. Lego Ò -inspired blocks developed here can be modified to incorporate additional flow streams and achieve simultaneous interaction of more than 3 different fluids within the device [7, 9, 12] which are some of the future plans of the authors.
